Background: Increased SREBP-1c level contributes to excessive triglyceride accumulation in liver of NAFLD patients. Results: Dec1 represses Srebp-1c gene expression, thereby reducing hepatic lipogenesis and ameliorating fatty liver phenotype. Conclusion: Dec1 negatively regulates hepatic lipid synthesis. Significance: Dec1 is a negative regulator of Srebp-1c expression and integrates circadian clock and hepatic lipid metabolism.
Non-alcoholic fatty liver disease (NAFLD), 2 which refers to a disease spectrum ranging from simple triglyceride accumulation (hepatic steatosis) to hepatic steatohepatitis (steatosis with inflammation), fibrosis, and cirrhosis, has become the most frequent etiological factor of chronic liver diseases (1) .
De novo lipogenesis is markedly increased in NAFLD patients compared with healthy subjects, contributing to the excessive TG deposition in the liver (2) . Moreover, hepatic lipogenesis, which is normally inhibited under fasting conditions, is relatively high in the fasted state and fails to further increase in the postprandial periods in NAFLD patients (3) . Thus, the ease of hepatic lipogenesis may alleviate the NALFD phenotype. Consistent with abnormal de novo lipogenesis, hepatic expression levels of Srebp-1c, a master transcription factor controlling fatty acid synthesis, are significantly increased in the livers of obese mice and NAFLD patients (4 -6) .
Srebp-1c is the predominant member of the SREBP family responsible for fatty acid synthesis in mouse liver (7) . It is transcriptionally controlled by multiple nutritional and hormonal factors, including insulin, and synthesized as a precursor protein bound to endoplasmic reticulum membrane. NAFLD symptoms spontaneously appeared in Srebp-1 transgenic mice (8 -10) . LXRs are potent activators of Srebp-1c expression through the LXR response element identified in its promoter region (11) . Meanwhile, Srebp-1c is demonstrated to activate its own promoter, forming a positive feedback loop (12) . However, its repressive factors are not fully defined (13) .
Dec1 (differentiated embryo chondrocyte 1; also known as BHLHB2, STRA13, or SHARP2), a member of the basic helixloop-helix (bHLH) transcription factor family, is known as a critical regulator of the circadian rhythm (14) . It exhibits a circadian expression in the suprachiasmatic nucleus and various peripheral tissues and regulates circadian rhythm via suppress-ing the CLOCK-BMAL1-mediated activation of key components of the circadian clock system, including Per1 (14) . It has been identified to bind with high affinity to class B E-box element (CANGTG) and in most cases serves as a transcriptional repressor (15) .
Circadian rhythm has been demonstrated to control various physiological processes, including energy and metabolic homeostasis. Dec1 has been shown to be involved in adipogenesis. Hypoxia-induced Dec1 inhibits adipogenesis by repressing Ppar␥2 expression (16) . In addition, nuclear receptor LXRs and ROR␣ also activate Dec1 expression through direct binding to its promoter region (17, 18) .
In the present study, we show that Dec1 acts as a repressor of hepatic lipogenesis. Activation of Dec1 in obese mouse livers decreased the expression levels of lipogenic genes, including Srebp-1c and its target genes, subsequently alleviating the nonalcoholic fatty liver phenotype.
EXPERIMENTAL PROCEDURES
Animal Treatments-Eight-week-old male C57BL/6J, Lepr db/ϩ (db/m), and Lepr db/db (db/db) mice and 10-week-old Lep ob/ob (ob/ob) mice were purchased from the Model Animal Research Center of Nanjing University (Nanjing, China) and housed and maintained in 12-h light and dark photoperiods.
The mouse protocol was approved by the Animal Research Committee in the Institute of Laboratory Animals, Chinese Academy of Medical Sciences and Peking Union Medical College, and conformed to criteria outlined in the National Institutes of Health (Bethesda, MD) Guide for the Care and Use of Laboratory Animals. For adenovirus treatment, mice were injected with purified adenovirus with 1.0 ϫ 10 9 active viral particles in 150 l of 0.4% NaCl solution via tail vein. Then, 5-7 days later, mice fasted for 6 h were sacrificed, and their livers and serum were collected for analysis.
Construction of Adenoviruses Expressing Dec1 and Dec1 shRNA-The full-length mouse Dec1 gene was amplified by polymerase chain reaction (PCR) from C57BL/6J mouse liver cDNA using the following primer pair: 5Ј-ATGGAACGGAT-CCCCAGCG-3Ј as a forward primer and 5Ј-TTAGTCTTTGG-TTTCTAAGTTTAAA-3Ј as a reverse primer. A FLAG tag was added at the C terminus of Dec1 cDNA with restriction enzyme sites by using the forward primer 5Ј-AGATCTCACCATGGA-CTACAAAGACGATGACGACAAGATGGAACGGATCC-CCAGCG-3Ј and the reverse primer 5Ј-AAGCTTTTAGTCT-TTGGTTTCTAAGTTTAAA-3Ј. Then it was constructed into pcDNA3.1 and pAd-Track-CMV vector with the same restriction sites. For RNA interference application, the DNA sequences corresponding with the short hairpin RNA (shRNA) sequences of 5Ј-GATCTCCGCACGTGAAAGC-ATTGACATTCAAGAGATGTCAATGCTTTCACGTGCTT-TTT-3Ј (top) and 5Ј-AGCTTAAAAAGCACGTGAAAGCAT-TGACATCTCTTGAATGTCAATGCTTTCACGTGCGG-3Ј (bottom), which are against Dec1, were constructed into pAd-Track-U6 vector. Recombinant adenoviruses were generated according to the manufacturer's instructions (Invitrogen) and purified by the cesium chloride method. As a negative control, a recombinant adenovirus vector expressing a scrambled shRNA (shScram) was generated as well. Adenovirus was purified by the cesium chloride method and dialyzed against phosphate-buffered saline containing 10% glycerol.
Isolation and Culture of Mouse Primary Hepatocytes-Primary mouse hepatocytes were obtained from the livers of male C57BL/6J mice. Briefly, the mice were anesthetized, and their livers were perfused with 0.5 mg/ml type II collagenase (Sigma-Aldrich) via the inferior vena cava to isolate hepatocytes. Mouse hepatocytes were cultured in RPMI 1640 containing 10% FBS, 100 units/ml penicillin, and 0.1 mg/ml streptomycin for further study.
Chromatin Immunoprecipitation (ChIP) Assay-ChIP assays were performed as described previously (19) . Briefly, the tissue or cells were cross-linked in 1% formaldehyde at 37°C for 10 min and resuspended in 200 ml of lysis buffer (1% SDS, 10 mM EDTA, 50 mM Tris-HCl (pH 8.1)). Lysates were sonicated and then diluted with ChIP dilution buffer (0.01% SDS, 1.1% Triton X-100, 1.2 mM EDTA, 16.7 mM Tris-HCl (pH 8.1), and 167 mM NaCl). The diluted lysates were immunoprecipitated with anti-DEC1 (Sigma) or anti-FLAG antibody (Sigma) or normal mouse IgG. The immunoprecipitates were washed and then eluted with 300 ml of elution buffer (1% SDS, 0.1 M NaHCO 3 ) and reversed. The promoter region of Srebp-1c was amplified by PCR using the following primer pair: 5Ј-GATTGGCCATG-TGCGCTCA-3Ј as a forward primer and 5Ј-CTGGCAAAGT-AATAGAGTG-3Ј as a reverse primer.
Quantitative Real-time Reverse Transcription Polymerase Chain Reaction-Total RNA was isolated from cells or pulverized liver using TRIzol (Invitrogen). For real-time PCR analysis, cDNA was synthesized using random primers and the High Capacity cDNA Reverse Transcription Kit (Applied Biosystems). Gene expression analysis was performed using a Bio-Rad IQ5. The mRNA abundance of various transcripts was measured using the Q-PCR SYBR Green kits (Promega). All gene expression data were normalized to ␤-actin expression levels. All gene expression experiments were performed in at least three independent runs, each performed in triplicate. Primer sequences are shown in Table 1 .
Histological Analysis-For Oil red O staining, liver tissue was frozen in liquid nitrogen and cut into 10-m sections. Sections were stained and analyzed at ϫ20 magnification using a microscope.
Hepatic Very Low Density Lipoprotein Secretion Assay-Hepatic VLDL secretion assays were performed as described previously (20) . Briefly, overnight-fasted mice were injected with 500 mg/kg body weight of tyloxapol via tail vein. Blood samples were collected by tail bleeding at several time points for serum triglyceride measurement.
Lipogenesis Assays-The rate of lipogenesis in hepatocytes was measured as described previously (21) . Briefly, primary hepatocytes were isolated and treated with the indicated adenovirus and subsequently exposed to 5 M TO901317 for 48 h. The cells were then incubated for additional 4 h in Williams Medium E (Sigma) supplemented with 4 Ci/ml [ 3 H]acetate (PerkinElmer), 0.5 mM unlabeled acetate, and 0.5% BSA. Lipids were extracted from cell lysate with chloroform/methanol (2:1). The organic phase was first dried by evaporation at 50°C and then dissolved with 50 l of hexane and 200 l of 1.8% H 2 SO 4 in methanol and heated at 100°C for 30 min. 125 l of water was added to the mixtures, and they were extracted with 250 l of petroleum. The petroleum phase was collected for measurement of 3 H radioactivity. Hepatocyte lipogenesis rates were normalized to cell protein levels.
Fatty Acid Oxidation Assays-The assays were performed as described previously (21) . Primary hepatocytes infected with the indicated adenovirus were incubated with 0.4 Ci/ml [9,10-3 H]oleic acid (PerkinElmer Life Sciences) and 100 M unlabeled oleic acid (conjugated with BSA) in Krebs-Ringer buffer (119 mM NaCl, 5 mM KCl, 2 mM CaCl 2 , 2.6 mM MgSO 4 , 24.6 mM NaHCO 3 , 2.6 mM KH 2 PO 4 , 10 mM HEPES, pH 7.4) for 1 h at 37°C. Supernatants were collected and incubated with 1.3 M perchloric acid. All the solutions were then centrifuged at 16,000 ϫ g for 10 min. Supernatants were neutralized with 2 M KOH, 0.6 M MOPS. 3 ml of scintillation liquid was then added, and [ 3 H]radioactivity was measured.
Microarray Analysis-Chow-fed ob/ob and C57BL/6J mice were housed in a 12-h light and 12-h dark cycle and fed ad libitum a regular chow diet. Mice were sacrificed at 16:00 (Zeitgeber time 8 during light phase). Total RNA was prepared from each liver using TRIzol (Invitrogen). Equal aliquots of total RNA from each of four mouse livers in each group were pooled and used for biotin labeling as described in the Affymetrix technical bulletin. Then the transcriptional profiles of samples were probed using the Gene-Chip Mouse Genome 430 2.0 arrays (Affymetrix). Significance analysis of microarrays was used to identify differences between different samples (22) . Gene Ontology (GO) classification was performed with the DAVID tool (23) . Data were processed for the heat maps with cluster analysis (24) .
Statistical Analysis-Data are presented as means Ϯ S.D. and were compared between or among groups by a two-tailed unpaired Student's t test or by a one-way analysis of variance followed by a Fisher least significant difference test. p Ͻ 0.05 was considered statistically significant.
RESULTS

Dec1 Is a Candidate Gene in Non-alcohol Fatty Liver
Disease-To identify novel transcriptional factors involved in dysfunctional hepatic lipid homeostasis in obesity, we performed mRNA microarray analysis of livers of ob/ob mice, a widely used obese model, and C57BL/6J control mice (the data sets have been submitted to the ArrayExpress database under accession number E-MTAB-2678).
Preliminary microarray data revealed that many genes known to be involved in metabolism and circadian rhythm display a change of at least 2-fold, of which 42 genes, 20 genes, and 18 genes are involved in lipid metabolism (including transcriptional factor SREBF1 (also known as SREBP-1) and its downstream target genes SCD-1 and Fasn (also known as Fas)), glucose metabolism (including G6pc and Pck1 (also known as Pepck1)), and rhythmic processes (including Per1 and Cry1) respectively ( Fig. 1 , A-C). A real-time PCR assay verified the decreased mRNA levels of Dec1 in livers of ob/ob mice compared with C57BL/6J control mice ( Fig. 1D ). We also observed a similar decrease in hepatic Dec1 expression in other NAFLD mouse models, including db/db mice ( Fig. 1E ) and high-fat diet-induced obese mice ( Fig. 1F ). Correspondingly, DEC1 protein levels were also decreased in the livers of these mice, as revealed by Western blot analysis ( Fig. 1G ). All of the NAFLD mice exhibited a high level of hepatic triglyceride content. These data suggest that Dec1 may be involved in hepatic dysfunctional lipid metabolism.
Dec1 is a clock gene with rhythmic expression in liver and other peripheral tissues of wild-type mice. We next measured its expression levels in db/db diabetic and db/m control mouse livers at different Zeitgeber time (ZT) points (ZT0, light on; ZT12, light off). Our data indicate that Dec1 also exhibits a rhythmic expression pattern in these mouse livers. In db/m mice, Dec1 levels rose in the light cycle and peaked at ZT8 (16:00). However, in db/db mice, its expression mildly fluctuated ( Fig. 1H) .
Restoring Dec1 Expression Ameliorates Hepatic Steatosis in db/db and ob/ob Mice-Hepatic steatosis is characterized with excessive TG accumulation (4) . We hypothesized that hepatic Dec1 deficiency contributed to fatty liver disease progress in these obese mice. To test this hypothesis, we generated recombinant adenovirus expressing DEC1-FLAG fusion protein (Ad-DEC1) and performed genetic constitution experiments in NAFLD mice, including db/db mice and ob/ob mice. Ad-DEC1 and the control adenovirus (Ad-GFP), which expresses GFP only, were infused into mice via tail vein. Ad-DEC1 efficiently expressed the exogenous DEC1-FLAG fusion protein in mouse livers. Consequently, histological analysis, Oil red O staining ( Fig. 2A) , and H&E staining ( Fig. 2B) suggested that Ad-DEC1 treatment markedly ameliorated the fatty liver phenotype in db/db mice. In Ad-DEC1-infected db/db mice, oil drop size in hepatocytes became smaller, and hepatic tissues showed increased density compared with that in Ad-GFP-infected 
Real-time PCR primers used in this work
All of the primers are listed in the 5Ј-3Ј direction.
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Dec1
db/db mice. Gross morphological changes showed that the liver of Ad-DEC1-infected db/db mice appeared fresh red and smaller in size compared with the mice injected with Ad-GFP ( Fig. 2C ). Biochemical analysis indicated that adenovirus-mediated overexpression of Dec1 significantly reduced hepatic ( Fig. 2D , top) and serum triglyceride levels (Fig. 2D, bottom) . However, the hepatic and serum cholesterol levels remained unchanged ( Table 2) , indicating that Dec1 specifically regulated TG metabolism. Additionally, hepatic overexpression of Dec1 did not significantly affect mouse body weight ( Table 2) . We also injected Ad-DEC1 into ob/ob mice. Similar results were obtained as that in db/db mice. Overexpression of Dec1 alleviated the fatty liver phenotype in ob/ob mice as well ( Fig. 2 , E-G). Biochemical analysis also confirmed that adenovirusmediated overexpression of Dec1 significantly reduced hepatic and serum triglyceride levels (Fig. 2H ). Again, adenovirus Ad-DEC1 treatment did not markedly change hepatic or serum cholesterol contents ( Table 2) .
Knockdown of Dec1 Expression Raised Hepatic Triglyceride Contents in Normal Mice-To further confirm the inhibitory effects of Dec1 on hepatic TG contents and test whether Dec1 deficiency in normal mice liver could affect hepatic TG accumulation, we generated an adenovirus expressing Dec1-specific shRNA (Ad-shDEC1). Preliminary data indicated that this adenovirus could effectively knock down endogenous Dec1 gene expression in primary hepatocytes (Fig. 3A) . Next, we injected Ad-shDEC1 into C57BL/6J normal mice via tail vein. As a result, Ad-shDEC1-infected C57 mice showed increased hepatic ( Fig. 3B ) and serum (Fig. 3C ) triglyceride content compared with Ad-shScram-infected control mice. However, Ad-shDEC1 treatment of C57BL/6J mice did not significantly influence body weight or hepatic cholesterol contents ( Table 2) . , and the circadian process (C). D-G, mice of various genotypes fasted for 6 h were sacrificed at 16:00. D, relative Dec1 mRNA levels in livers of ob/ob mice versus C57BL/6J mice (n ϭ 5/group); E, Dec1 mRNA levels in livers of db/db mice versus db/m mice (n ϭ 5/group); F, Dec1 mRNA levels in livers of C57BL/6J mice versus diet-induced obesity (DIO) mice (n ϭ 5/group). G, Western blot analysis showing the DEC1 protein levels in livers of ob/ob mice versus C57BL/6J mice (top), db/db mice versus db/m mice (middle), and C57BL/6J mice versus diet-induced obesity mice (bottom). H, 8-week-old db/db diabetic and db/m control mice were housed in a 12-h light/12-h dark cycle with the lights on (defined as ZT0) at 8:00 a.m. and fed ad libitum. After 2 weeks, these mice were sacrificed at 6-h intervals over a 24-h period. mRNA levels of Dec1 at each time point were measured by real-time PCR analysis as described under "Experimental Procedures." The data were expressed relative to the peak value of Dec1 mRNA levels of db/m mice (taken as 1). The data shown are the means Ϯ S.D. (error bars) and were compared between groups by a two-tailed unpaired Student's t test. *, p Ͻ 0.05. AUGUST 22, 2014 • VOLUME 289 • NUMBER 34
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Dec1 Negatively Regulates the Expression of Hepatic Srebp-1c and Other Lipogenic Genes-Theoretically, a decrease in the hepatic TG could be caused by increased VLDL secretion, fatty acid oxidation, or decreased TG synthesis or lipid uptake. We measured some key genes involved in these physiological processes, including Ppar␣, Mcad, and Cpt1 (fatty acid oxidation), Cd36 (fatty acid uptake), and Mttp and ApoB (VLDL secretion). We did not observe significant changes in expression levels of these genes (data not shown). A hepatic VLDL secretion assay also confirmed that Dec1 overexpression did not influence this physiological process in db/db or ob/ob mice (Fig. 4A ). In addition, adenovirus-mediated activation of Dec1 did not affect fatty acid ␤-oxidation in primary hepatocytes ( Fig. 4B ).
However, our data suggested that overexpression of Dec1 effectively repressed Srebp-1c expression in livers of db/db ( Fig.  4C ) and ob/ob mice (Fig. 4D ). In addition, expression levels of Fas and Acc were also decreased in Ad-DEC1-infected db/db ( Fig. 4E ) and ob/ob mouse livers (Fig. 4F ). Consistent with these effects, Ad-DEC1 treatment of primary hepatocytes decreased the rate of lipogenesis compared with Ad-GFP treatment (Fig.  4G) .
In contrast, Ad-shDEC1 adenovirus efficiently silenced endogenous Dec1 mRNA expression levels in C57 mouse livers compared with the control Ad-shScram adenovirus (Fig.  4H ). As expected, knockdown of Dec1 expression in C57 mouse livers resulted in increases in expression levels of lipogenic genes, including Srebp-1c and its downstream target genes (Fig. 4I) .
Dec1 Regulates SREBP-1c Expression and TG Synthesis in a Cell-autonomous Manner-To determine whether Dec1 could
repress Srebp-1c expression in primary hepatocytes, adenovirus Ad-DEC1 was used to treat hepatocytes in the presence of TO901317 compound, a well known agonist of LXRs. As expected, TO901317 treatment increased TG contents in primary hepatocytes (Fig. 5A) , which is consistent with increased expression of Srebp-1c and its target genes (Fig. 5B ). However, Ad-DEC1 treatment reduced the TG content in primary hepa-tocytes in the presence or absence of TO901317 (Fig. 5A ). Consistent with its effect on lipogenesis rate in hepatocytes (Fig.  4G ), Dec1 overexpression could repress the expression of Srebp-1c as well as its target genes under TO901317 treatment conditions (Fig. 5B) .
In contrast, knockdown of endogenous Dec1 by Ad-shDEC1 in primary hepatocytes led to an increase in intracellular triglyceride content (Fig. 5C ), in accordance with the increased mRNA of Srebp-1c, Fas, and Acc (Fig. 5D ). These observations indicate that Dec1 regulates expression of lipogenic genes and triglyceride synthesis in a cell-autonomous manner.
Dec1 Represses Srebp-1c Expression via Binding to Its Promoter-Our above data suggested that DEC1 is an important negative regulator of Srebp-1c gene expression. Next we wondered whether DEC1 protein binds to the Srebp-1c gene promoter and regulates its expression as a transcription repressor. ChIP assays were carried out to investigate whether endogenous DEC1 protein could be recruited to the Srebp-1c promoter in vivo. A putative DEC1 binding site (CCATGTGC), which contains an E-box element, exists in the Srebp-1c promoter region at Ϫ119 bp up from the transcription start site. The Srebp-1c promoter fragment containing the putative DEC1 binding element (E-box) could be amplified from the precipitates obtained when using anti-DEC1 antibody in mouse liver tissue lysate but not when using normal mouse IgG (negative control) (Fig. 6A ).
TABLE 2 Metabolic characteristics of NAFLD mice (db/db and ob/ob mice) treated with adenovirus containing exogenous Dec1 (Ad-DEC1) and Ad-GFP for 6 days or normal mice (C57/BL6J) treated with Dec1-specific shRNA (Ad-shDEC1) and Ad-shScram for 7 days. All samples were collected at 16:00
Data are means Ϯ S.D. (n ϭ 6/group) and were compared between groups by a two-tailed unpaired Student's t test.
db/db mice ob/ob mice C57/BL6J mice
Ad-GFP AD-DEC1 Ad-GFP Ad-DEC1 Ad-shScram Ad-shDEC1
Body We also performed ChIP assay to study whether exogenous DEC1 protein could bind to the Srebp-1c promoter. As a result, the Srebp-1c promoter fragment containing the E-box could be amplified while precipitating the DNA complex with anti-FLAG antibody either in primary hepatocytes (Fig. 6B, left) or in liver tissue lysates (Fig. 6B, right) but not when using normal mouse IgG. These data suggest that both endogenous and exogenous DEC1 proteins could bind to the Srebp-1c gene promoter.
Finally, we cloned the mouse Srebp-1c gene promoter and generated a series of luciferase reporter constructs with or without deletion of the DEC1 binding site or site mutation (from CCATGTGC to CAAAATGC) fragments of the Srebp-1c promoter (pSREBP-1c-224, pSREBP-1c-224-mut, pSREBP-1c-119, pSREBP-1c-119-mut, and pSREBP-1c-71). A luciferase reporter gene assay showed that overexpression of DEC1 inhib-ited pSREBP-1c-224 and pSREBP-1c-119 reporter gene transcription. However, deletion or mutation of a potential DEC1 binding element (pSREBP-1c-71, pSREBP-1c-119-mut, and pSREBP-1c-224-mut) almost abolished the DEC1-inhibitory effects (Fig. 6C ). Of note, deletion of the Srebp-1c promoter to Ϫ119 bp reduced its basal luciferase activity, but further deletions do not have an advanced effect (Fig. 6D) . These data suggested that the effects of DEC1 on Srebp-1c gene expression are mediated by the E-box element.
DISCUSSION
Hepatic steatosis, characterized by overstorage of TG in hepatocytes, is the first step of NAFLD (25, 26) . Abnormal hepatic lipogenesis is supposed to contribute to the development of hepatic steatosis. Previous study has indicated that FIGURE 4. Dec1 negatively regulates expression of hepatic Srebp-1c and lipogenic genes. A, hepatic VLDL secretion in db/db or ob/ob mice injected with the indicated adenovirus was measured at 5 days after adenovirus treatments as described under "Experimental Procedures." B, ␤-oxidation rates in primary hepatocytes were measured as described under "Experimental Procedures." The NAFLD mice were infected with adenoviruses expressing exogenous DEC1-FLAG fusion protein (Ad-DEC1) or GFP (Ad-GFP) (C-F) as described in the legend to Fig. 2 . In addition, normal mice were infected with adenoviruses expressing DEC1-specific shRNA (Ad-shDEC1) or a scrambled shRNA (Ad-shScram) (H and I) as described in the legend to Fig. 3. C, D, hepatic Dec1 expression is regulated by nutritional status; fasting decreased its expression, and refeeding after fasting restored the decreased Dec1 mRNA (27) . Consistent with these data, insulin rapidly induces the expression of the Dec1 gene in primary hepatocytes (28) . In the present study, we show that hepatic Dec1 expression levels are decreased in several NAFLD mouse models. The data imply that Dec1 expression levels are closely associated with the metabolic functions of the liver. Thus, we performed Dec1 genetic constitution experiments in several NAFLD mouse models. We find that restored expression of Dec1 in NAFLD mouse models reduced the TG content in liver and ameliorated fatty liver symptoms, suggesting a protective role of Dec1 in the development of NAFLD.
The Srebp-1c promoter contains the sterol regulatory element complex that includes the sterol regulatory element and E-box (12) . Here we demonstrate that Dec1 proteins are able to inhibit the expression of Srebp-1c through binding to the E-box element mapped in the Srebp-1c gene promoter, serving as an important negative regulator of hepatic lipid synthesis. Our data suggest that decreased Dec1 expression might underlie the increased Srebp-1c expression and hepatic lipogenesis in NAFLD mice.
Several physiological processes, including fatty acid uptake, fatty acid oxidation, and de novo lipid synthesis, affect hepatic triglyceride contents. In this study, we found that adenovirusmediated overexpression of Dec1 in mouse livers and primary hepatocytes inhibited the lipogensis rates and repressed expression of lipogenic genes. However, manipulation of Dec1 expression in tissues or cells did not affect the VLDL secretion or fatty acid oxidation. These data suggest that the repressing effects of Dec1 on hepatic lipogenesis accounts for decreased hepatic TG levels.
Both insulin and LXR␣ agonist induce Srebp-1c expression in hepatocytes (29) . Meanwhile, Dec1 expression also can be induced by insulin and LXR␣ agonist (17, 28) . Of note, we also found that overexpression of Srebp-1c also decreased Dec1 expression in primary hepatocyte, although the exact molecular mechanism remains unclear. Thus, Dec1 and Srebp-1c may interact reciprocally in vivo. These data suggest the existence of a feedback loop associated with Srebp-1c transcription in vivo, and these genes constitute a network of hepatic lipogenesis.
Metabolism and circadian rhythms are tightly linked in vivo and interact reciprocally; disruption of circadian rhythms leads to metabolic disorders (30) . Accumulating evidence also suggests that key clock genes influence lipid metabolism. For example, Bmal1-deficient embryonic fibroblasts fail to differentiate into adipocytes due to a decrease in gene expression of several adipogenic/lipogenic factors, including Ppar␥2, C/ EBP␣, and Srebp-1. In contrast, overexpression of Bmal1 in adipocytes promotes lipid synthesis (31) . Liver-specific deletion of Bmal1 in mice leads to fasting hypoglycemia, insulin resistance, and loss of rhythmic expression of hepatic glucose regulatory genes (32) . Similarly, Clock mutant mice having a greatly attenuated diurnal feeding rhythm are hyperphagic and obese and develop a metabolic syndrome with hyperleptinemia, hyperlipidemia, hepatic steatosis, and hyperglycemia (33) .
DEC1 was previously identified as a circadian component in the central clock system (14) . Five clock gene families, including Dec genes (Dec1 and Dec2), Per genes (Per1, Per2, and Per3), Cry genes (Cry1 and Cry2), Clock, and Bmal, constitute a complex transcription-translation loop that generates the circadian rhythm in mammals. The CLOCK-BMAL1 complex activates expression of Per and Cry genes by direct binding to the E-box elements of these genes. The CLOCK-BMAL1 complex also activates Dec1 gene expression; in turn, induced Dec1 blocks the stimulatory effects of CLOCK-BMAL1 on Dec1 expression through competing for binding to E-box in its promoter, thus forming a negative feedback loop of Dec1 expression. In contrast to CLOCK-BMAL1, PERs and CRYs negatively regulate Dec1 gene transcription (34) . Interestingly, light induces Dec1 expression, and induced DEC1 proteins inhibit CLOCK-BMAL1-induced Per1 through interacting with BMAL1 (14) . In this study, we provide evidence that Dec1 also plays an important role in lipid metabolism through regulating Srebp-1c expression, suggesting that Dec1 may link circadian rhythm to lipid metabolism.
Interestingly, in this study, we show that Dec1 gene expression in the livers of NAFLD mice also remains rhythmic, peaking in the light cycle. However, the expression levels of Srebp-1c and its target genes, including Fas and Acc, increase during the dark phase and fall during the light phase (35) . These data further confirm that the expressions of Srebp-1c and Dec1 show opposite trends and that these two proteins may interact reciprocally in vivo. Of note, another clock key component, REV-ERB␣, also regulates SREBP signaling (36) . Like DEC1, REV-ERB␣ also acts as a transcriptional repressor, and CLOCK-BMAL1-induced REV-ERB␣ proteins feedback to inhibit Bmal1 expression through binding to ROR elements. However, REV-ERB␣ and DEC1 regulate expression of Srebp-1c in different manners. Our studies show that DEC1 inhibits Srebp-1c expression through direct binding to the E-box in its promoter, whereas REV-ERB␣ indirectly controls SREBP-1 activity through repressing Insig2 gene transcription (36) . Thus, hepatic SREBP-1 signaling and lipogenesis are finetuned by the circadian clock system.
In addition to regulation of lipid metabolism (16, 18) , Dec1 also appears to be involved in glucose metabolism. Adenovirusmediated overexpression of Dec1 decreases mRNA levels of phosphoenolpyruvate carboxykinase (Pepck), a rate-limiting enzyme involved in gluconeogenesis, in primary hepatocytes through repressing gene transcription (37) . We also found that overexpression of Dec1 inhibited expression of Pgc-1␣, a master regulator of hepatic gluconeogenesis. However, the precise molecular mechanism of Dec1 regulation of these gluconeogenic genes remains unclear. Further studies are also required to clarify the roles of Dec1 in regulating hepatic glucose metabolism. We should point out that in this study, we employed the adenovirus system to effectively drive exogenous Dec1 gene expression in mouse livers, which only allowed us to observe the short term effects of hepatic Dec1 activation on lipid metabolism. Other mouse models, such as Dec1 transgenic or knockout mice, are still required to study the roles of the Dec1 gene in regulating hepatic metabolism.
In summary, we identify Dec1 as an important negative regulator of Srebp-1c expression and hepatic lipogenesis. Thus, Dec1 integrates the circadian clock system and hepatic lipid metabolism. Our study might provide a potential target for treatment of NAFLD and other metabolic diseases.
